The invasive Asian longhorned beetle, Anoplophora glabripennis (Motschulsky), is a destructive xylophagous forest pest species originating from Asia. Several endemic North American hymenopteran (Braconidae) species in the mid-Atlantic region were capable of attacking and reproducing on A. glabripennis larvae in laboratory bioassays. Ontsira mellipes Ashmead (Hymenoptera: Braconidae) has been continually reared on A. glabripennis larvae at USDA-ARS BIIRU since 2010, and has been identified as a potential new-association biocontrol agent. Two experiments were conducted to investigate parasitism, paralysis, reproductive biology, larval development, and longevity of adult O. mellipes. In the first experiment, pairs of adult parasitoids were given single A. glabripennis larvae every 2 d (along with honey and water) over their lifetimes, while in the second experiment individual parasitoids were observed daily from egg to adult, and adults were subsequently starved. Adults in the first experiment parasitized 21% of beetle larvae presented to them throughout their life, and paralysis of larvae occurred 1-2 d after oviposition. More than half of the individual pairs parasitized A. glabripennis larvae, with each female producing around 26 offspring throughout her life. In the second experiment, median development time of O. mellipes from egg to adult was about 3 wk, with five larval instars. Adult O. mellipes that were provided with host larvae, honey, and water lived 9 d longer than host-deprived and starved adults. These findings indicate that mass-rearing procedures for O. mellipes may be developed using the new association host for development of effective biocontrol programs against A. glabripennis. Key words: Anoplophora glabripennis, developmental biology, reproductive biology, new-association biocontrol, life history However, the process of detecting A. glabripennis infestations by visual tree inspections is only 33-60% effective (Smith et al. 2007a), and often trees show no visible symptoms of attack because larvae develop cryptically within them (Meng et al.
The Asian longhorned beetle, Anoplophora glabripennis (Motschulsky) (Coleoptera: Cerambycidae), is an invasive xylophagous beetle that poses a threat to numerous urban and forest hardwood tree species in the United States (Nowak et al. 2001) . Of particular concern is the impact that A. glabripennis feeding damage may have on Acer spp. (its preferred host genus), which are integral hardwood species in northern U.S. forests and popular street trees (Dodd and Orwig 2011) . Anoplophora glabripennis is thought to have entered the United States through solid-wood packing materials possibly originating from China (Hu et al. 2009 ). It was first detected in New York City in 1996, and infestations have since been reported from Chicago, IL (1998) ; Jersey City (2002), Carteret (2004), and Linden (2006), NJ; Worcester (2008) and Boston (2010), MA; and most recently in Clermont, OH (2011) (Haack et al. 1997 Cavey et al. 1998; Poland et al. 1998; Haack 2006; Dodd and Orwig 2011 ; United States Department of Agriculture, Animal and Plant Health Inspection Service [USDA-APHIS] 2013).
To date, the primary strategy used to prevent or manage the spread of A. glabripennis is federally implemented quarantine and eradication measures (USDA-APHIS 2015a). This approach relies on the rapid detection of new infestations via visual tree surveys and inspections, complete removal of infested trees, chipping or burning the wood, and grinding leftover stumps (Wang et al. 2000) . significant costs may be incurred with the removal of damaged trees and application of contact or systemic insecticides (Nowak et al. 2001 , Government Accountability Office [GAO] 2006, Smith et al. 2007a) . While quarantine and eradication measures have been successful in eliminating populations of A. glabripennis from certain areas, infestations have been continually reported in the United States since its first detection in the late 1990s (USDA-APHIS 2015b) .
In an attempt to improve upon and complement current management strategies, the USDA implemented a biological control research program focused on exploration for natural enemies (parasitoids and predators) in both its native Asia and new geographical range in North America (Smith et al. 2002 (Smith et al. , 2007b . While numerous natural enemies of A. glabripennis and other species in the genus Anoplophora are observed in China (Chen and He 2006) , no studies have demonstrated the ability of these Asiatic natural enemies to suppress economically damaging populations of Anoplophora spp. in China (Turgeon and Smith 2013) , nor have any of these natural enemies been introduced into quarantine for testing in the United States (Smith et al. 2007b ). However, the search for native natural enemies in the Mid-Atlantic region has so far produced five parasitic Hymenoptera species in the family Braconidae: Ontsira mellipes Ashmead, Rhoptrocentrus piceus Marshall, Heterospilus spp., Spathius laflammei Provancher, and Atanycolus spp. Each species has been successful in parasitizing early instar larvae and producing viable offspring when reared on A. glabripennis larvae in laboratory bioassays . Two of these species, R. piceus and O. mellipes, were capable of parasitizing early and late instar A. glabripennis larva at rates up to 100% in no choice laboratory bioassays (United States Department of Agriculture, Agricultural Research Service [USDA-ARS] 2014). Presently, only O. mellipes has been successfully reared in quarantine at the USDA-ARS Beneficial Insect Introduction Research Unit (BIIRU, Newark, DE) .
Ontsira mellipes shows promise as a potential augmentative or inundative new-association biological control agent; however, only a single study has documented this new association. Duan et al. (2015) reported that this species was an ectoparasitic idiobiont, with an average of 1.3-6.8 female parasite progeny produced per larval host, depending on host rearing method. Female-biased sex ratios of about 6:1 female:male were found when O. mellipes were reared on A. glabripennis for >50 generations . Anecdotal observations indicate that O. mellipes may be synovigenic, with adult females continuing to produce eggs throughout their life (E. A., unpublished data). Currently, there are no studies regarding the reproductive and developmental biology, nor the life history of O. mellipes when associated with native hosts or with its newly associated host, A. glabripennis, yet such research is necessary in order to develop effective rearing procedures to determine the efficacy of this parasitoid prior to the implementation of large-scale field studies.
Literature on O. mellipes' host range is limited, but it appears to have a relatively narrow host range, having been recovered from cerambycid and buprestid larvae in Europe (Marsh 1966) , and only from larval cerambycids in North America (Ashmead 1888, Kula and Marsh 2011) . Additionally, Ashmead (1888) reported collecting an individual female from an unspecified borer in decayed cherrywood. Other literature documenting O. mellipes is from fieldcollection surveys conducted by Whitfield and Lewis (2001) and Kula and Marsh (2011) , who both investigated braconid taxa occurring in tallgrass prairies in Kansas, Missouri, Illinois, and the Konzo Prairie (Kansas).
Because of the paucity of information available on this species in the current literature, and the importance of understanding life history traits of biological control agent, we conducted two experiments to investigate the reproductive and developmental biology of O. mellipes when using A. glabripennis as a host. The first experiment assessed percent parasitism, female lifetime fecundity, the number of progeny produced, and longevity of adults provided with A. glabripennis larvae every 2 d in addition to honey and water. The second experiment focused on larval development time, the number of progeny produced, and longevity of host-deprived and starved adult wasps. This is the first report to document the reproductive biology and life history of O. mellipes, a newly discovered native North American parasitoid of the invasive A. glabripennis. Information obtained from this study may aid in optimizing mass rearing procedures for O. mellipes and will provide additional information concerning the "new host association" approach to biological control Pimentel 1984, 1989 ).
Materials and Methods

Parasitoids
All wasps used in the studies were from a founder colony originating from adults reared from naturally infested red maple logs (Acer rubrum L.) collected in Blackbird State Forest (Townsend, DE) during 2010-2014 (details in Duan et al. 2015) . The original host species are not known; however, the most commonly found cerambycid species naturally infesting red maple trees in Blackbird State Forest were Elaphidion mucronatum (Say), Neoclytus acuminatus (F.), N. mucronatus (F.), Curius dentatus Newman, and Euderces pini (Olivier), in addition to large numbers of Curculionidae (Scolytinae). Smaller numbers of the buprestids Urographis fasciatus (Degeer) and Hyperplatys aspersa (Say) as well as unidentified species belonging to the family Bostrichidae were also found in red maple logs collected from the site (Smith et al. 2007b, E. A. unpublished data) .
The laboratory colony was maintained on A. glabripennis larvae in a growth chamber at 23.0 6 1.5 C, 45-65% RH, under a photoperiod of 16:8 (L:D) h, in quarantine at USDA-ARS BIIRU. Adult O. mellipes used in the first experiment ranged from the F 4 through F 41 generations of the laboratory-reared colony. Different generations had to be used because of low male emergence rates. In the second experiment, adults from the F 36-57 progeny of the laboratoryreared colony were used.
Asian Longhorned Beetle Larvae
All beetle larvae used in the studies were obtained from a laboratory colony maintained at USDA-ARS BIIRU since 1999, originating from beetles collected from infested areas in New York, New Jersey, Chicago, and China. This colony was kept at 22.0 6 2.5 C, 45-75% RH, under a photoperiod of 14:10 (L:D) h. Adult beetles were provided fresh red maple twigs as a food source and larger logs as an oviposition medium. Once eggs hatched, larvae were transferred to 28.3 g Solo Cups (SOLO Cup Co., Urbana, IL) containing a cellulose-based artificial diet. Single A. glabripennis larvae were inserted into freshly cut (24-48 h) red maple sticks via the construction of a bark flap, following the procedure used by Duan et al. (2014) with Agrillus planipennis Fairmaire (Coleoptera: Buprestidae). Briefly, red maple sticks 18.9 6 0.6 cm long and 1.2 6 0.1 cm in diameter were cut from larger field-collected branches (from Newark, DE). The outer bark was then separated from the inner bark longitudinally by shaving it off with a sharp box cutter blade leaving the outer bark attached only at one end so it could be placed back over the cut. Underneath the bark flap in the exposed phloem, a narrow groove (6.5 by 0.5 by 0.3 cm deep) was created using a #11 palm-handled wood veiner (Woodcraft Supply LLC, Parkersburg, WV). The groove extended into the xylem. Individual beetle larvae were placed into the groove and the barkflap secured by a thin layer of Parafilm (Bemis Co., Inc., Neenah, WI). Red maple sticks containing beetle larvae were then placed in polystyrene boxes (9.5 by 9.5 by 20.9 cm, Pioneer Plastics Inc., Dixon, KY) with four circular ventilation holes, and held in a growth chamber under constant conditions. Experiment One: Female Lifetime Fecundity, Percent Parasitism, Longevity, and Progeny Emergence Anoplophora glabripennis larvae that were 6-8 wk old and similar in weight (0.6 6 0.0 g) were selected from the colony, artificially infested in red maple sticks 24 h prior to exposure to adult O. mellipes, and kept at 22.0 6 2.0 C, 45% RH, under a photoperiod of 16:8 (L:D) h for the duration of the experiment. Twenty-one pairs (1M:1F) of adult O. mellipes 3 d old were placed in small plastic capped vials (4 dram snap cap vial, U.S. Plastic Corp., Lima, OH) until mating occurred (10 min). At this time pairs of adults were placed into one of the 21 rectangular polystyrene boxes (replicates), each with several screened holes for air exchange. Honey was streaked on the underside of the lid and a plastic cotton-topped vial filled with water was placed inside each box. Sticks artificially infested with single A. glabripennis larvae were introduced in to the polystyrene boxes and replaced every 2 d until death of the female wasp. Exposed sticks were then removed, placed in individual polystyrene boxes, and stored in the same growth chamber (22.0 6 2.0 C, 45% RH, under a photoperiod of 16:8 [L:D] h). After 30 d had elapsed from when each stick had been removed, it was split longitudinally using a 2.5-cm wood chisel (Stanley Black & Decker, New Britain, CT). This exposed immature parasitoids (larvae or pupae) within the gallery, while adult wasps that had emerged before the 30 d period were restricted to the polystyrene box. Parasitoid adults, larvae, and pupae were counted, and longevity of adult wasps that were provided with a host larva, honey, and water was recorded. In total, 168 A. glabripennis larvae were exposed individually to 21 pairs of caged adult O. mellipes over a period of 1-5 wk.
Experiment Two: Larval Development of O. mellipes
Anoplophora glabripennis larvae (n ¼ 25) that were 8 wk old and similar in weight (0.4 6 0.0 g) were selected from the colony, artificially infested in red maple sticks, and kept at 24.0 6 2.0 C, 55-75% RH, under a photoperiod of 18:6 (L:D) h for 24-48 h to acclimate before exposure to adult O. mellipes. Newly emerged ( 24 h) adult O. mellipes were hosted in five groups of 1 M:3 F adults for mating following the same procedure as the first experiment. Groups of parasitoids (1 M:3 F) were then introduced into five 3.47liter round plastic containers, each with one artificially infested red maple stick. Wasps were provided with honey streaked on the underside of the mesh lid and a plastic cotton-topped vial filled with water. Additional sticks containing beetle larvae were exposed to the groups of parasitoids during four subsequent 24-h periods, then removed and stored individually in polystyrene boxes at 24.0 6 2.0 C, 55-75% RH, under a photoperiod of 18:6 (L:D) h for the duration of the experiment. Observations of A. glabripennis larvae and of the immature stages of O. mellipes were made every day in order to determine the onset of paralysis in A. glabripennis larvae, to record the number of eggs deposited by female parasitoids, and to document the duration of the egg stage, the number of parasitoid stadia and duration of each stadium, as well as the longevity of the newly emerged adults when deprived of hosts and food. Exposure of A. glabripennis larvae to adult parasitoids continued until adequate numbers of eggs were obtained. In total, 48 parasitoid eggs were deposited, distributed among seven host larvae, and observed through this experiment.
To facilitate determination of O. mellipes larval stadia, a small dot was made on the external cuticle of the developing ectoparasitic larvae with an ultra fine point Sharpie permanent marker. When each larva molted to the next stage, the dot could be seen on the shed exuvia, or was absent from the larval integument, and the next stadium was then marked. Various numbers of developing O. mellipes larvae in association with parasitized A. glabripennis larvae in a subset of sticks were used to measure and obtain pictures of the eggs, first through fifth instars, pupa, and adult parasitoids. Adult and larval parasitoids were observed using a stereomicroscope (Model SZX16, Olympus Corporation, Tokyo, Japan) under varying magnification, and the length of five individuals from each stage (egg through fifth instar and adult) were measured using the cellSens Life Science Imagining Software (Olympus Corporation).
When larval O. mellipes reached the pupal stage, they were carefully removed from the sticks using soft-touch forceps (BioQuip Products, Rancho Dominguez, CA) and placed individually in 28.3g Solo Cups with small holes punched in the lids. Upon emergence, longevity of F1 generation adults that were deprived of hosts and food was recorded.
Data Analysis
For experiment one, the overall percent parasitism was calculated by dividing the number of parasitized A. glabripennis larvae by the total number of A. glabripennis larvae provided. In addition, the percent parasitism and mean number of progeny produced per female parasite was determined for those parasitoid pairs that parasitized any A. glabripennis larvae (12 of the 21 replicate pairs).
For experiment two, days until paralysis (6 SEM) was determined by summing the days elapsed until a larva was immobilized (observed in 1-d increments). The Kaplan-Meier survival platform (Kaplan and Meier 1958) provided an estimate of the median developmental time (in d) and 95% confidence intervals (CI) for eggs, first to fifth instars, and pupae. The median longevity and 95% CI (in d) are reported for male and female wasps provided with host larvae, honey, and water (experiment 1), and for males and female that were starved and host deprived (experiment 2). Pooled (male and female) longevity of adults provided with host larvae every 2 d, honey, and water (experiment 1) were compared to host-deprived and starved adults (pooled male and female) (experiment 2) using the Kaplan-Meier survival platform. All statistical analyses were completed using JMP Pro 11.2.0 (SAS Institute Inc. 2013).
Results
Experiment One: Female Lifetime Fecundity, Percent Parasitism, Longevity, and Progeny Emergence A total of 168 beetle larvae were individually exposed to 21 pairs (1 M:1 F) of caged adult O. mellipes for 2 d at a time, over the parasitoids' lifetime. Of these 21 pairs, 12 pairs of adult wasps were successful in parasitizing 36 (21.4%) of host beetle larvae presented to them. Excluding the nine cages that had no larval parasitism, each pair of remaining adult wasps (n ¼ 12) received an average of 8.6 6 1.0 beetle larvae throughout their lifetime, and parasitized 34.7 6 3.6% (range 15.4-46.2%) of those beetle larvae.
After 30 d following removal of artificially infested red maple sticks, the cages were observed for emerged adults and the sticks were dissected to expose immature parasitoid larvae. The 12 pairs of wasps that were successful in parasitizing A. glabripennis larvae produced 307 progeny including 34 larvae and pupae. Because the sex of those in immature stages could not be determined, they were excluded from further analysis. The remaining progeny (n ¼ 273) consisted of 229 females (range 0-39 per wasp pair) and 44 males (range 1-8 per pair), which corresponded to a female-biased sex ratio of 5.2 F:1 M. Excluding replicates where parasitism did not take place (n ¼ 9), a single female wasp produced 25.6 6 4.6 progeny on average (range 6-49 offspring per female) throughout her lifetime, which consisted of 20.5 6 3.7 females and 4.0 6 0.8 males eclosing on average. A single female wasp produced an average of 7.8 6 0.8 progeny per beetle larvae.
The median longevity of males in this experiment was 18 d (95% CI ¼ 13-21 d) ranging between 10-34 d while female median longevity was 17 d (95% CI ¼ 14-21 d) ranging between 11-35 d, when provided A. glabripennis larvae every 2 d, honey, and water.
Experiment Two: Larval Development of O. mellipes
In experiment two, all five groups (1 M:3 F) of O. mellipes that were provided with A. glabripennis larvae for 1 d laid eggs on at least one host larva, producing an average of 8.3 6 1.7 eggs (range 2-15 eggs) per host larva within the 1-d exposure period. Most beetle larvae were not paralyzed immediately by adult O. mellipes; after 1 d only two of the seven host larvae that contained parasitoid eggs were paralyzed; however, the remaining five parasitized beetle larvae were completely immobile after 2 d.
The 15 females in this experiment produced a total of 33 adult offspring consisting of 24 females (range 1-10 per group of 3 females) and 9 males (range 0-3 per group). This resulted in a femalebiased sex ratio of 2.7 F:1 M. Lifetime fecundity could not be determined in the second experiment because females were not provided beetle larvae for the duration of their lifetime.
Ontsira mellipes had five instars. The fifth instar formed a white-colored cocoon that later matured to a yellowish-brown to gold color. While morphological characteristics of larval instars were similar, some change in color could be observed, most notably the translucent color of the first instar, which changed to an opaque white with the second instar, to a cream or yellow color beginning at the third instar (Fig. 1) . Antennae were most distinct on the first instar, then reduced greatly in size until the third instar, where they appeared as only small pinpoint protrusions near the apex of the head, and disappeared completely beginning at the fourth instar. Dorsal ridges began to develop at the fourth instar and were also present in the fifth instar. Additionally, instar size changed from 1 mm in length in the first instar to nearly 7 mm in the fifth instar (Table 1 ). The variation in the size of instars may be due in part to our inability to separate them according to sex in the larval stages. Adult females could be distinguished from adult males by the presence of an ovipositor, and were longer on average than males (Fig. 2) .
Under the rearing conditions (24 6 2.0 C, 55-75% RH, and a photoperiod of 18:6 [L:D] h), the median developmental time from egg to adult was 23 d (Table 2 ). It took 2 d for 50% of the eggs to hatch, and only 1 d for 50% of larvae to develop through each instar from first to fourth; however, it took 2 d for 50% of fourth instars to ecdyse to fifth instars (Table 2) . Median time until the formation of the cocoon and pupation occurred 12 d after oviposition, and 50% of the pupae eclosed as adults after 23 d ( Table 2 ). All the eggs in the study (n ¼ 48) hatched and developed to second instars with no mortality. However, the transition from second to third instar incurred the highest rate of mortality, while mortality in subsequent instars was comparatively low (Table 2) . Overall, 68.8% of the eggs were successful in developing to adults on A. glabripennis larvae.
Adults in this experiment were not provided with A. glabripennis larvae, honey, nor water; under these conditions the median longevity of males was 5 d (95% CI ¼ 4-9 d), ranging between 4-12 d, and the median longevity of females was 8 d (95% CI ¼ 7-8 d), ranging between 5-10 d.
Adult O. mellipes (males and females pooled) provisioned with A. glabripennis larvae every 2 d, in addition to honey and water, lived significantly longer (median longevity 17 d; 95% CI ¼ 14-21 d) than adults that were deprived of hosts and food (median longevity 8 d; 95% CI ¼ 7-8 d; Log-Rank v 2 ¼ 49.14; df ¼ 1; P < 0.001; Fig. 3 ).
Discussion
This study documents the reproductive biology, larval development, and life history of the native North American parasitoid O. mellipes when utlizing a novel host species, A. glabripennis. Across all trials in the first experiment the average rate of parasitism by pairs of O. mellipes was 21.4%. Duan et al. (2015) found a parasitism rate of 51% when individual A. glabripennis larvae were exposed to varying numbers of adult parasitoids (1-6 F and 1-3 M at a time). Differences in the rates of parasitism between the current experiment and that by Duan et al. (2015) could be due to their use of more than a single pair of parasitoids in cages with single beetle larvae. Studies have shown that the frequency of parasitism increases with increasing parastiod: host ratios in some braconid species (e.g., Norton et al. 1992 , Montoya et al. 2000 , Watt et al. 2015 . Moreover, Watt et al. (2015) found that when the parasitoid: host ratio was increased from 1:1 to 8:1, the rate of parasitism of Agrilus planipennis Fairmaire (Coleoptera: Buprestidae) by Spathius galinae Belokobylskij and Strazenac (Hymenoptera: Braconidae) increased from less than 50% to over 75%. Yet, whether varying parasitoid: host ratios influences rates of parasitism in O. mellipes remains uncertain. It is possible that the confinement of groups of O. mellipes females in the study by Duan et al. (2015) might have "socially" facilitated host-finding behavior and subsequently enhanced the rate of parasitism by female wasps. The increased incidience or degree of an event (feeding, mating, egg-laying, etc.) occuring in the company of conspecifics invloved in the same activity is a well known behavior defined as social facilitation (Clayton 1978) , and has been documented to occur in both nonsocial and social parasitoids (Prokopy and Roitberg 2001) . However, the occurrence of this behavior has yet to be investigated or documented in O. mellipes.
It is possible that only allowing 24-48 h for A. glabripennis larvae to acclimate to red maple sticks may have been insufficient for their full establishment. A resulting absence of frass and other cues associated with well-established beetle larvae may have affected the overall percent of A. glabripennis larvae parasitized in our study. In general, parasitoids require numerous short-and long-range cues in order to detect and subsequently locate, accept, and oviposit on a potential host (Vinson 1977) . Volatile compounds emitted by host frass or by the larvae themselves are especially important short-range signals that stimulate host searching, assessment, and oviposition behaviors in parasitoids of concealed hosts (Lewis and Jones 1971 , Vinson et al. 1976 , van Leerdam et al. 1985 , Inayatullah 1983 . Additionally braconid species that attack concealed hosts can cue in on vibrations produced through feeding activities or movement of host larvae within galleries (Quicke 1997 , Meyhö fer and Casas 1999 , Hajek 2004 , and this cue appears more important for facilitating host-finding behaviors than host-habitat associated cues in some species (Lawrence 1981 , Sugimoto 1988 Presently, whether host-derived secondary compounds or larval vibrations stimulate or mediate host detection, location, or assessment are unknown in O. mellipes. Future research should investigate these factors to determine which cues associated with A. glabripennis are important in facilitating these behaviors in O. mellipes. Such findings may have the potential to increase the production of laboratory-reared individuals and may uncover factors that influence the ability of these parasitoids to utilize A. glabripennis larvae under field conditions. Nevertheless, other researchers documenting rates of parasitism of braconid species on larval cerambycid species found comparable rates of parasitism to this study. For example, 23% of Calchaenesthes pistacivora Holzschuh larvae were parasitized by Megalommum sp. Szépligheti in experimental Iranian pistachio orchards (van Achterberg and Mehrnejad 2011), 25% of Phoracantha semipunctata (F.) larvae colonizing artifically infested eucalyptus logs were parasitized by Syngaster lipidus Burellé in a mass rearing program in California (Millar et al. 2002) , and Iphiaulax impostor Scop. was responsible for parasitizing 13-28% of Saperda populnea L. larvae found naturally infesting poplar trees in a Bulgarian plantation (Tsankov and Georgiev 1991) .
Developmental time of O. mellipes from egg to adult was 23 d under our laboratory conditions, with each larval instar taking only 1-2 d. The relatively speedy development, particularly of the larval stages before pupation, is commonly observed in other idiobiont braconid species (Shaw and Huddleston 1991) .
The purpose of the antennae on the first-instar larvae is unclear, but they may facilitate host-finding behavior within galleries, as such structures do occur on larval parasitoids exhibiting this behavior (Quicke 1997) . The eggs of ectoparasitic braconid species may be laid near instead of on the host, indicating that first-instar larvae of some Braconidae may have limited mobility (e.g., Brodeur and Boivin 2004, Shaw and Huddleston 1991) . However, braconid larvae are typically not planidial, or able to actively locate hosts within their habit complex. True host-seeking first instars are thought to be restricted to the hymenopteran families Perilampidae, Eucharitidae, and Ichneumonidae (Brodeur and Boivin 2004) . However, if and to what extent first-instar larvae of O. mellipes are able to locate their host within larval galleries remains unknown.
In contrast to koinbionts that allow their hosts to contiune to feed, grow, and develop after oviposition, O. mellipes is an idiobiont parasitoid that terminates the development of its host upon oviposition (Askew and Shaw 1971) . Larvae of idiobiont parasitoids develop on hosts of detoriating quality and quantity (Otto and Mackauer 1998) , which may lead to intraspecific competition for host resources in gregarious species when parasitoid loads are high (Taylor 1988) . Perhaps the higher mortality of third instars observed in this study is associated with such factors. Competition for limited host resources in gregarious parasitoids has been shown to increase larval mortality and reduce larval size and fitness of emerged adults Smith 1986, Harvey et al. 1998) . Moreover, these effects may be exacerbated if the female parasitoid does not adjust its clutch size relative to the size of the host, and indeed this has been observed in few braconid parastioids Smith 1986, Strand et al. 1988 ). Additionally, while gregarious parasitoids are typically regarded as nonsiblicidal (Godfray 1994) , Salt (1961) suggested that declining nutrative host quality or quantity could stimulate facultative siblicidal behavior in gregarious larval parasitoids. This was subsequently documented in the gregarious ectoparasitic Eulophid, Melittobia digitata Dahms when clutch sizes were large (Cô nsoli and Vinson 2002) . However, at this time factors that may have increased mortality of third instars in O. mellipes can only be hypothesized, as many of the variables discussed above have not been investigated in detail in this parasitoid.
Sex ratios of the progeny in both experiments were strongly female biased; nearly 5 times as many females as males were produced in the F1 progeny in the first experiment, while 2.5 times as many females as males were produced in the second experiment. These results are consistent with progeny sex ratios found by Duan et al. (2015) . Skewed sex ratios, particularly in favor of females, commonly appear in arthropods (Hurst 1993) and have been recorded in various braconid species (e.g., Mackauer 1976); however, a myriad of factors, such as host quality and parasitoid age, are known to affect parasitoid sex ratios (King 1987) . Adults that were provided with host larvae every 2 d, honey, and water lived 8 d longer than adults that were starved and host deprived. This indicates that either feeding on honey alone may have enhanced their longevity, as is commonly observed in feeding studies involving various braconid species (e.g., Fadamiro and Heimpel 2001 , Siekmann et al. 2001 , Wu et al. 2008 , or alternatively that longevity increased by the combination of host larvae and a food source. Studies that have investigated this combination show beneficial, neutral, or detrimental effects to parasitoid longevity depending on the braconid species. For example, Hawkins and Smith (1986) found that longevity of female Rhaconotus roslinensis (F.) increased when provided with host larvae in addition to honey, while Danne et al. (2013) found no difference in the longevity of female Habrobracon gelechiae Ashmead when provided with or deprived of host larvae in addition honey and water. Conversely Costamagna and Landis (2004) found the addition of host larvae along with honey and water increased the number of hosts parasitized, but reduced longevity of female Meteorus communis (Walsh).
The presence of host larvae may be important if the parasitoid engages in host-feeding behavior whereby it will ingest host proteins and hemolymph. Laboratory studies involving host-feeding parasitoids have demonstrated increased longevity when parasitoids consume both host derived nutrients and honey (Leius 1961 , Collier 1995 . Although this has yet to be observed in O. mellipes, it is conceivable that adult females could access host larvae exudates through oviposition holes, as has been observed in other wood boring insect parasitoids (Sandlan 1979, Ueno and Ueno 2007) . Additional studies could include a treatment where O. mellipes was provided with host larvae without honey, to determine its importance for this species.
These results do suggest the importance of understanding the role of foraging ecology in this parasitoid, as many hymenopteran parasitoid species have been observed to feed in inflorescences in the field (Jervis et al.1993 ). Research has shown that sugars gained from floral resources can affect the overall activity of parasitoids and 3 . Percent (%) survivorship of adult O. mellipes after emergence when provided or denied access to host larvae, honey, and water. Adults provided with host larvae, honey, and water lived signficantly longer than those that were denied access to host larvae, honey, and water (Log-Rank v 2 ¼ 49.14; df ¼ 1; P < 0.001).
increase life history traits like longevity, fecundity, rate of egg maturation, and rate of parasitism (W€ ackers 1994 , Quicke 1997 , Idris and Grafius 1997 , Baggen and Gurr 1998 , Schmale et al. 2001 , Winkler et al. 2006 . Moreover, natural habitats that provide such resources can improve the establishment and retention of parasitoids in the field (Heimpel and Jervis 2005) . Interestingly, not all beetle (host) larvae were completely paralyzed within 1-d exposure to O. mellipes even after eggs were observed on the cuticle of the larva; for about half of the hosts, full paralysis was observed 2 d after oviposition. Piek and Spanjer (1986) commented that paralysis commonly occurs before oviposition in most ectoparasitic hymenopteran species. However, Piek (1986) (Smith 1943) .
The delayed onset of paralysis could have occurred due to both properties of the venom itself and the physiological immune response of A. glabripennis larvae. Beard (1952 Beard ( , 1963 Beard ( , 1978 noted that the venom of parasitic hymenopteran species could be remarkably host specific, have low potency, or vary in the quantity needed to induce paralysis depending on host size. The A. glabripennis larvae in this experiment may have been larger than native cerambycids used by O. mellipes, thus requiring a larger quantity of venom to induce paralysis, or perhaps A. glabripennis larvae may increase immunological reactions in response to a novel parasitoid (e.g., Firlej et al. 2012) . Presently, paralysis in native species has not been observed, nor have the constitutive toxins comprising venom of O. mellipes been characterized; thus, the cause of delayed paralysis can only be speculated upon at this time.
The recent findings of native North American parasitoids developing on A. glabripennis larvae in laboratory studies by Duan et al. (2015) are of considerable interest because currently no coevolved natural enemies in Asia appear to control the beetle to economically acceptable levels (Turgeon and Smith 2013) ; thus, no coevolved natural enemies have been introduced into the United States. As a result, control efforts have shifted toward investigating the use of native North American parasitoid species in a new-association biological control approach. To complement ongoing research on new association North American parasitoids, the present study documented several important life history traits of O. mellipes when using the novel invasive host, A. glabripennis.
It is worth noting that the novelty of this association could have affected life history traits investigated during this study. Development of larval parasitoids is affected by nutritional and physiological characteristic of host species (Harvey 2005) , and as suggested by Cornell and Hawkins (1993) , native parasitoids may be maladapted to invasive hosts due to physiological, behavioral, or phenological differences compared to coevolved native hosts. Often, intrinsic factors of newly associated hosts result in reduced rates of parasitism, or alternatively are the result of incidental attacks on invasive hosts that co-occur with native hosts in the environment (Cornell and Hawkins 1993) . These incidental attacks may be particularly predominant with idiobiont parasitoids because their host is killed upon oviposition and larvae develop externally (Cornell and Hawkins 1993) , thus larvae do not need to adapt to host defenses, unlike koinobionts that develop within hosts and must circumvent host defenses if their larvae are to develop successfully. In general, idiobiont parasitoid species do not need to evolve physiological or chemical pathways to overcome host defenses, and thus are adapted to explore novel hosts more than endoparasitic koinobionts (Hawkins et al. 1992) . Because of this host selection and utilization behavior, these parasitoids are generally successful in using invasive species as hosts whether incidentally or intentionally (Cornell and Hawkins 1993) .
This study revealed several important issues that warrant further investigations on how this novel relationship may affect life history traits of O. mellipes compared to its native hosts. Furthermore, this new relationship offers unique opportunities to study biological aspects of "new host association" Pimentel 1984, 1989) , in particular between coevolved native species and exotic invaders. Results from this study will be useful in creating large-scale rearing operations of this parasitoid, and will give researchers a basic understanding of reproductive and developmental traits as well as some life history aspects of O. mellipes.
